Gonadotropin-inhibitory hormone (GnIH) has been shown to inhibit reproduction in several species. GnIH suppresses gonadotropin synthesis/release at the hypothalamic and pituitary levels; however, increasing evidence suggests that GnIH has a putative function in the gonad. In this study, we demonstrated that GnIH receptors localize to the ovary and testis in goldfish. In situ hybridization illustrated that goldfish GnIHRs were localized exclusively to the oocytes before the cortical alveolus stage and to the interstitial tissue to the testis. Implantation of goldfish GnIH peptides did not affect the serum estradiol levels in female goldfish, but it did enhance the serum testosterone levels in males. Conversely, injecting goldfish GnIH peptides increased the expression of StAR and 3bHSD mRNA and decreased the expression of CYP19 mRNA significantly in the testis, but these genes remained unchanged in the ovary. In addition, goldfish GnIH peptides not only increased the expression of StAR and 3bHSD and decreased CYP19 mRNA, but they also increased the expression of FSHR and LHR mRNA in testicular cells. However, they did not affect the expression of these genes in ovarian cells in vitro. Thus, we suggest that GnIH may contribute to the sexual dimorphism of steroidogenesis in goldfish.
INTRODUCTION
Sex steroid hormones are small, cholesterol-derived molecules found in both invertebrates and vertebrates. In both phyla, steroids are essential for development and maintenance of homeostasis and/or reproduction. In vertebrates, steroid hormones participate in all aspects of reproductive regulation [1] . In fish, steroids play a major role in the development of germ cells, accessory organs, and breeding coloration, in the feedback of brain, pituitary, and gonad pheromones for chemical communication, and in behavior modulation [2] . Teleost fish produce several types of bioactive gonadal steroids, including estrogens, progestogens, and androgens. These steroids are produced in specialized cells within the ovarian follicle (theca, granulosa) and the testis (Leydig cells) [3] .
Gonadal steroid synthesis is a complex process that begins when the gonadotropins bind to specific membrane G proteincoupled receptors activating multiple signal transduction pathways [4] . The production of different classes of gonadal steroids hinges on the delivery of the substrate, cholesterol, and its subsequent conversion. Conversely, the steroidogenic acute regulatory protein (StAR), which is expressed in steroidogenic cells and transports cholesterol into the mitochondria, is the ratelimiting step in steroidogenesis [5] . The enzyme, 3b-hydroxysteroid dehydrogenase (3bHSD), which converts D5-steroids into D4-steroids, is also an important oxidoreductase in bioactive steroid synthesis [6] . Estrogen synthesis depends on the activity of the cytochrome P450 (CYP) enzyme, which converts D4-androgens into estrogens by modifying the steroidal A-ring into a benzene ring and by removing the C 19 methyl (CH 3 ) residue [7] .
A novel hypothalamic neuropeptide that directly inhibits gonadotropin release from the cultured anterior pituitary of quail was discovered by Tsutsui et al. [8] and termed gonadotropin-inhibitory hormone (GnIH). Later studies have revealed that GnIH inhibits gonadotropin-releasing hormone (GnRH) neurons in the brain of birds and mammals [9, 10] . GnIH not only acts at the level of the brain to influence the synthesis and release of GnRH, but also functions within the pituitary of teleosts, birds, and mammals to inhibit the synthesis and release of gonadotropin [11] [12] [13] . Taken together, GnIH directly acts on multiple components of the hypothalamic-pituitary-gonadal axis.
Many neurohormones that are classified as neuropeptides are synthesized in vertebrate gonads in addition to the brain. Because receptors for these neurohormones are also expressed in gonadal tissues, the neurohormones may exhibit a highly localized autocrine or paracrine effect on a variety of gonadal functions. Based on studies in birds [14, 15] , rodents [16, 17] , and humans [18] , the mammalian GnIH homolog, RFamiderelated peptides-3 (RFRP-3), is considered to be a regulator of gonadal steroidogenesis. To date, the function of GnIH in peripheral reproduction in lower vertebrates has not been assessed. As one of the best-characterized models of multifactorial reproductive control, the goldfish is a suitable candidate for such an analysis [19, 20] . We therefore sought to comprehensively examine the role that GnIH may play in the regulation of steroidogenesis in the goldfish gonad of both sexes.
MATERIALS AND METHODS

Animals
A total of 312 goldfish (Carassius auratus), weighing 80-90 g, were obtained from a local fish farm in Guangzhou, China, and allowed to acclimatize for 7 days in tanks with a water temperature of 23 6 18C and a photoperiod cycle of 14L:10D. The goldfish were fed a commercial diet (1% of bodyweight fed twice a day; Chia Tai, Beijing, China) without any supplemental hormones. All goldfish used in this study were in the vitellogenic stage. All animal experiments were conducted in accordance with the guidelines and approval of the Animal Research and Ethics Committees of Yat-Sen University.
Hormones
Based on the discovery of the goldfish GnIH [21] , peptides corresponding to the goldfish GnIH-II peptide (SGTGLSATLPQRF-NH 2 ) and GnIH-III peptide (AKSNINLPQRF-NH 2 ) were synthesized by GL Biochem (Shanghai, China), in which the C terminus of GnIH-II (LPQRF) is identical to the GnIH-III C terminus, which was detected from the goldfish brain. The C terminus of GnIH-I harbors the peptide sequence LPLRF. The purity of the synthesized peptides was .95% as determined by analytical HPLC. Goldfish GnIH peptides were synthesized into cholesterol pellets as described previously [22] . Subsequently, the peptides were dissolved to the desired concentration in saline (0.7% NaCl) for in vivo injection experiments and cultured for in vitro experiments.
In Situ Hybridization of Three GnIHRs in Goldfish Ovary and Testis
Goldfish ovaries and testes were fixed in buffered 4% paraformaldehyde for 24 h, dehydrated using a series of graded ethanol solutions (70%-100%), cleared in xylene, and embedded in paraffin. Eight and five microsections of ovarian and testicular tissues, respectively, were cut for in situ hybridization (ISH). Antisense digoxigenin (DIG)-labeled riboprobes (GnIHR1, position 640-1330, JX846586; GnIHR2, position 1074-1607, JX846587; GnIHR3, position 766-1376, JX846588) were synthesized from partial sequences of three goldfish GnIHRs using the DIG RNA Labeling Kit (Roche Diagnostics, Mannheim, Germany). DIG ISH was performed as described previously [12] , with slight modification. Briefly, sections were rehydrated using a series of graded ethanol solutions (100%-70%), cleared in xylene, permeabilized with 0.1 M HCl for 8 min, treated with proteinase K (10 ng/ll) for 10 min, prehybridized at 428C for 2 h, and hybridized with DIG-labeled riboprobes (500 lg/ml) at 588C overnight in a humidified chamber. After hybridization, the sections were washed and blocked with Blocking Reagent (Roche Diagnostics). DIG was detected with an alkaline phosphatase-conjugated anti-DIG antibody (Roche Diagnostics; diluted 1:1000-1:2000) and developed with an NBT/BCIP stock solution (Roche Diagnostics). The sections were examined under light microscopy.
Effects of Goldfish GnIH-II and GnIH-III Peptides on Estradiol in Female Goldfish and on Testosterone in Male Goldfish
Goldfish GnIH peptides were shaped into cholesterol pellets as described previously [22] . Age-and environment-matched male and female fish (n ¼ 108 Primers for probe preparation GnIHR1- QI ET AL.
each) were selected according to similar body weight and length to minimize individual differences. Male and female fish were divided into three groups (n ¼ 36 each). The groups received an implantation of cholesterol pellets containing synthetic GnIH-II peptide, GnIH-III peptide (5 lg/fish), or cellulose as the sham control, respectively. Blood (0.5 ml) was collected from six random fish in each group on Days 0, 1, 2, 3, 4, and 5. After blood sampling, the same fish were not sampled from again, and were instead fed for several weeks until they recovered, and were then set free. The blood was centrifuged at 2000 3 g for 20 min at 48C, and the serum was stored at À808C until needed for radioimmunoassays (RIA). Steroids in the serum were directly measured using RIA with commercial kits (BNIBT, Beijing, China) following the manufacturer's instructions. Bound radioactivity disintegration per minute was measured for 1 min using a gamma counter (Wizard 1470 Automatic Gamma Counter; PerkinElmer, Waltham, MA). The serum provided with the kit was used as a quality control. Standard zero tubes and blank tubes were run in parallel with the samples. The intra-assay coefficient of variation for all the assays was ,12%.
In Vivo Effects of Goldfish GnIH-II and GnIH-III Peptides on FSHR, LHR, StAR, 3bHSD, and CYP19 mRNA Expression in the Gonad
Goldfish were anesthetized with 0.05% tricaine methanesulfonate and then intraperitoneally injected with various doses of the test peptide or saline (0.7% NaCl, 200 ll) as the sham control. Eight fish were randomly collected from each group and sacrificed by decapitation at 12 h postinjection. Next, the ovaries and testes were quickly dissected and frozen in liquid nitrogen and then stored at À808C for subsequent RNA extraction. Real-time PCR was performed on a Roche LightCycler 480 real-time PCR System using the SYBR Green I Kit (TOYOBO, Osaka, Japan) according to the manufacturer's instructions. Standard amplification curves of the target genes and the ef1a gene were generated by serially diluting plasmid constructs. An ef1a fragment was amplified as an internal control. The real-time PCR reactions (10 ll) contained 5 ll of the SYBR Green I Kit, 0.2 lM of both the forward and reverse primers, and 0.5 ll of the RT product. The cDNA was denatured by preincubation for 60 sec at 958C, and then the template was amplified by 40 cycles of denaturation for 15 sec at 958C, annealing for 15 sec at 55-588C and extension for 20 sec at 728C. After amplification, fluorescent data were converted to threshold cycle values (Cp). The template concentration in the sample was determined by comparing the Cp value to the standard curve. The FSHR, LHR, StAR, 3bHSD, and CYP19 transcript levels were normalized against the ef1a transcript levels. The primers for the goldfish FSHR, LHR, StAR, 3bHSD, CYP19, and ef1a cDNAs are presented in Table 1 .
In Vitro Effects of Goldfish GnIH-II and GnIH-III Peptides on FSHR, LHR, StAR, 3bHSD, and CYP19 mRNA Expression from Ovarian and Testicular Goldfish Cells in Primary Culture
Gonadal cells were cultured as described previously [23] . The goldfish were anesthetized in a 0.01% solution of MS222 before decapitation. The gonads were removed and washed three times with PBS, diced into small pieces of 0.5-1.0 mm 3 , and digested with 1 mg/ml trypsin (Invitrogen, Carlsbad, CA) at 258C for 5-10 min. The protease digestion was terminated by 1 mg/ml trypsin inhibitor (Sigma-Aldrich, St. Louis, MO). Gonadal cells were harvested by centrifugation (1000 rpm for 10 min) and resuspended in M199. The cellular viability, which was tested using the trypan-blue method, was .90%. Cells were seeded at a density of 1 3 10 6 cells/well on poly-L-lysine-coated 12-well dishes in 2 ml of M199 that contained 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% FBS. After preincubation at 258C for 24 h, the medium was aspirated away and replaced with fresh medium (M199) that contained various peptide doses of GnIH-II or GnIH-III. Gonadal cells were harvested after incubation for 3, 6, and 12 h and then stored at À808C for subsequent RNA extraction. Real-time PCR was performed as described above.
Statistical Analyses
The results are presented as the mean 6 SEM. The significance of the differences between the controls and stimulation groups was determined using Student t-test for paired samples, where a value of P , 0.05 was considered to be statistically significant.
RESULTS
ISH of GnIHRs in the Goldfish Gonad
To determine whether GnIH participates in the regulation of steroidogenesis, ISH of the three receptors in ovaries and testes was performed. The distribution of GnIHR1, GnIHR2, and GnIHR3 mRNA is presented in Figure 1 . As shown in Figure  1 , both the ovaries and testes exhibited strong GnIHR1 and GnIHR2 signals, whereas no GnIHR3 signal was observed. Given that goldfish are asynchronous, the oocytes in goldfish ovaries were at different stages; therefore, we observed positive signals for both GnIHR1 and GnIHR2 mRNA in the oocytes only before the cortical alveolus stage. However, a positive signal was not observed in the oocytes at the vitellogenic stage. Positive signals for both GnIHR1 and GnIHR2 mRNA were observed in the interstitial tissue of the testes.
In Vivo Effects of Goldfish GnIH Peptides on Gonadal Steroidogenesis
As shown in Figure 2A , implantation of both GnIH-II and GnIH-III peptides did not induce any significant changes in serum estradiol concentrations compared with controls in females. Interestingly, as shown in Figure 2B , both GnIH peptides significantly increased the testosterone concentration compared with the controls 1 day after implantation in males. On the 5th day, no significant variation in the concentrations of serum T was observed.
In Vivo Effects of Goldfish GnIH Peptides on FSHR, LHR, CYP19, 3bHSD, and StAR mRNA Expression in Ovaries and Testes
To evaluate the physiological effects of GnIH on goldfish steroidogenesis, the effects of i.p.-injected peptides on the 
STEROIDOGENESIS REGULATED BY GnIH IN GOLDFISH
gonadal FSHR, LHR, StAR, 3bHSD, and CYP19 mRNA levels were examined. Notably, both GnIH peptides displayed observable sexual dimorphism in regulating the mRNA expression of StAR, 3bHSD, and CYP19. In the ovaries, no significant variation in the five examined genes was observed (Fig. 3) , whereas, in the testes of the goldfish that received 100 ng and 1000 ng of both GnIH-II and GnIH-III peptides, significant increases in StAR and 3bHSD mRNAs were observed, and a significant decrease in CYP19 mRNA was only observed in the testes of the goldfish that received 1000 ng of the GnIH-III peptide (Fig. 3) . Additionally, we observed that the GnIH-mediated increase of StAR and 3bHSD mRNAs was dose dependent.
In Vitro Actions of Goldfish GnIH Peptides on FSHR, LHR, CYP19, 3bHSD, and StAR mRNA Expression from Gonadal Cells in Primary Culture
To further evaluate the effect of GnIH peptides on goldfish steroidogenesis, in vitro studies were performed in primary gonadal cells. Various doses of the test peptide also displayed an obvious sexual dimorphism in vitro. In the ovaries, no significant changes in the FSHR, LHR, StAR, 3bHSD, or CYP19 mRNA expression were observed at any time or test peptide dose (Fig.   4) . Conversely, GnIH peptides significantly affected the expression of the tested genes in the testes (Fig. 5) . The GnIH-II peptide significantly increased the expression of FSHR, LHR, StAR, and 3bHSD mRNA at 12 h, but decreased the CYP19 mRNA expression at 3 h, which persisted up to 6 h. However, the GnIH-III peptide significantly increased LHR, StAR, and 3bHSD mRNA expression at 12 h and decreased CYP19 mRNA expression at 6 h, which persisted through 12 h (Fig. 5) .
DISCUSSION
Many neuropeptides and their receptors are synthesized in vertebrate gonads in addition to the brain; therefore, they may regulate gonadal functions in an autocrine and/or paracrine manner [10] . In 2000, a neuropeptide termed the GnIH was initially discovered in birds [8] . Over the past decade, several studies have supported the biological role of GnIH as a negative regulator of reproduction via the brain and pituitary [12, [24] [25] [26] [27] [28] [29] [30] [31] [32] . Conversely, increasing evidence suggests that GnIH and its receptor GPR147 are expressed in the gonads. Studies of birds, lizards, rodents, and monkeys have detected GnIH (RFRP-3) and/or GPR147 in the ovary [16, 18, [33] [34] [35] [36] and in the testes [16, 37, 38] . However, the functional QI ET AL.
implications of gonadal GnIH/GPR147 expression remain largely unexplored in teleosts.
To date, GPR147 mRNA has been detected in the ovaries of rats, birds, monkeys, and humans [18, [33] [34] [35] [36] , and putative GnIH binding sites have been demonstrated in the granulosa cell layer by receptor fluorography in birds [35] . In the present study, we demonstrated, for the first time, that GnIHRs are expressed in the goldfish gonads. In goldfish ovaries, positive signals for both GnIHR1 and GnIHR2 mRNA exist in the oocytes before the cortical alveolus stage, but disappeared from the oocytes during the vitellogenic stage, which is when the theca cells appear in teleost. Similar to the two-cell-type model for the production of follicular estrogens in mammals, in teleosts, the thecal layer might contribute to the production of 17b-estradiol by synthesizing androgens that are transferred to the granulosa layer and aromatized to 17b-estradiol [39] . Accordingly, GnIH may not be involved in ovarian steroidogenesis in goldfish. Conversely, GPR147 mRNA has also been detected in testicular interstitial cells, germ cells, pseudostratified columnar epithelial cells in starling testes [37] , and in myoid cells in rodent testes [16, 38] . In our results, strong positive signals for both GnIHR1 and GnIHR2 mRNA were observed in the interstitial testicular tissue. Leydig cells have been observed in some areas of the interstitial tissue, and were previously described as the primary source of testicular steroids in teleosts [40] . Based on the ISH results in testes, GnIH is a potential regulator of steroidogenesis in male goldfish.
In a previous study, the chicken RFRP/GPR147 system was hypothesized to participate in steroidogenesis and follicle growth and maturation, based on the putative coupling of GPR147 to inhibit Gai/o proteins, which may function to antagonize the stimulatory effects of gonadotropins on cAMPmediated signaling [14] . In another study, in vitro culture of whole proestrus mouse ovaries treated with GnIH reduced progesterone and estradiol accumulation [16] . More recently, human GnIH was demonstrated to reduce gonadotropinstimulated progesterone accumulation in isolated human granulosa-lutein (hGL) cells [18] . Conversely, the regulatory effects of GnIH on testicular testosterone synthesis/secretion are complicated and conflict in different species. In the house sparrow, GnIH significantly decreased testosterone secretion in gonadotropin-stimulated testes cultures [34] . However, in the Syrian hamster, central administration of RFRP-3 significantly elevated plasma testosterone [17] . In the present study, we did not observe a significant variation in estradiol during the 5 days of implantation. Although the result differed from similar experiments in other species, it corroborated our hypothesis based on the location of GnIHRs mRNA in the ovary. In male 
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goldfish, similar to results in the Syrian hamster, we observed significantly increased serum testosterone levels in the testes compared to controls 1 day after the administration of GnIH peptides. The enhancement effect disappeared on the 5th day, which may have been caused by the resistance to the implanted peptide or the lack of the cholesterol substrate. This result also supported our proposal that GnIH peptides affect the synthesis/ secretion of testosterone. The regulation of steroidogenesis by GnIH may depend on the sex and species of the animal model.
In addition to demonstrating the effect of GnIH peptides on the synthesis/secretion of estradiol and testosterone, we also detected an effect on several gonadal genes that participate in steroidogenesis, including FSHR, LHR, StAR, 3bHSD, and CYP19, which are markers of steroid biosynthesis. Thus, we initially cloned StAR and 3bHSD cDNA from goldfish gonads (Supplemental Figures S1 and S2 , available online at www. biolreprod.org). In the injection experiment, as expected, none of the genes significantly varied 12 h after the i.p injection of GnIH peptides in the ovary, but a significant increase in StAR and 3bHSD mRNA and decrease in CYP19 mRNA were observed in the testes. Based on these results, we surmise that GnIH treatment increases serum testosterone levels by stimulating the synthesis of StAR and 3bHSD and suppresses the transfer of testosterone to estradiol by inhibiting the synthesis of CYP19 in the testes.
An in vitro mouse study demonstrated that GnIH decreased steroid synthesis by inhibiting the expression of LHR, StAR, and 3bHSD, which are steroidogenic enzymes [16] . In a more recent study, RFRP-3 reduced FSK-, LH-, and FSH-induced increases in StAR mRNA levels, but RFRP-3 did not exhibit any obvious effects on the 3bHSD protein levels in hGL cells [18] . In our study, the goldfish GnIH-II and GnIH-III peptides did not exert any effects on the LHR, StAR, 3bHSD, or CYP19 mRNA levels in cultured ovarian cells. However, both GnIH peptides stimulated genes that enhance testosterone biosynthesis in cultured testicular cells, including FSHR, LHR, StAR, and 3bHSD, while inhibiting the synthesis of CYP19, which transforms testosterone to estradiol.
Our present study provides important insights into the action and functional significance of the GnIH in the goldfish gonad.
In summary, we demonstrate that GnIHRs are expressed in early oocytes and in the interstitial tissue of the testes. Furthermore, our pharmacological data indicate that GnIH peptides influence gonadal steroid synthesis/release. These results suggest that GnIH may be an important regulator of gonadal steroidogenesis. QI ET AL.
